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IT was shown by Bhabha (1939) that the scattering of neutral mesons due 
to the mesic charge of the heavy particles (g, interaction) as given by the 
quantum theory has a complete correspondence with the scattering of mesons 
as given by the classical theory. The classical scattering is the analogue 
of the Thomson formula as recently extended by Dirac, remaining approxi- 
mately constant up to meson energies comparable with the rest energy of the 
heavy particles, after which it decreases due to the effects of radiation re- 
action. The quantum cross-section like the Klein-Nishina formula also 
decreases with increasing energy due to the appearance of quantum effects, 
and the introduction of radiation reaction into the quantum theory would 
decrease it still more for high energies. On the other hand, the scattering of 
charged mesons on the usual theory differs completely from the classical 
and quantum mechanical scattering of neutral mesons, first in being 
larger by a factor (M/)”, M and pw being respectively the neutron and meson 
masses, and secondly in having an entirely different dependence on energy. 
The scattering of charged mesons due to the g, interaction alone was pro- 
portional to p*/E®, p being the momentum and E the energy of the meson. 
It was shown in the paper quoted above that this difference in the scattering 
of neutral and charged mesons is entirely due to the fact that whereas a 
positive meson can only be absorbed by a neutron and emitted by a proton, 
a neutral meson may be absorbed or emitted by either a neutron or a proton. 
To avoid this difference, Bhabha put forward the idea that the heavy 
particles might exist in states of all integral charge, positive and negative 
with different rest energies, of which only the two of lowest rest energy, 
namely the proton and neutron, occur normally in nature. This assumption 
puts the scattering of charged mesons due to the g, interaction on the same 
footing as the scattering of neutral mesons, and establishes correspondence 
with the classical theory. (Cf. Heitler, 1940.) 


It is our purpose in this paper to investigate the modifications which 
the above idea of allowing the heavy particles to exist in states of all integral 
charge introduces in the scattering of charged mesons by the mesic dipole 
of the heavy particles (g. interaction). The dipole interaction leads even in 
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the classical theory to a scattering of mesons which increases with energy 
as p4/E? in the region of low energies in which the effects of radiation reaction 
are negligible, and this coupled with the fact that only total scattering cross- 
sections have been compared, has concealed the very considerable difference 
in the dependence on scattering angle and polarisation of the meson which 
exists between the scattering on the classical theory and the usual quantum 
theory. It will be shown in this paper that if the heavy particles be allowed 
to exist in states of all integral charge, then complete correspondence is 
established in the scattering due to the g, interaction as given by the classical 
and quantum theories, both in its dependence on the scattering angle and 
on the directions of polarisation of the incident and scattered meson. This 
complete correspondence seems to us on the one hand to add further support 
to the correctness of the assumption that the heavy particles can exist in 
states of all integral charge, and on the other to the correctness as far as 
scattering phenomena are concerned of a classical theory of the spin even 
when applied to a particle with a spin #/2 (with the exception of a constant 
numerical factor which will be discussed in detail in the last section). On 
the other hand the hypothesis put forward by Heitler (1940) of allowing 
the heavy particles to exist in states of higher spin possesses no corres- 
pondence with any classical theory. Moreover the need for it has disappeared 
since a complete classical theory as put forward for a Maxwell field by 
Bhabha (1940, a), and Bhabha and Corben* and for a meson field by 
Bhabha* (1940, c) has shown that the effect of radiation reaction is 
ultimately to make the scattering due to the spin diminish as E-2 
instead of increasing as E?. 


Quantum Mechanical Scattering 


We will first consider the scattering of charged mesons due to the Zo 
interaction on the basis of the assumption that the heavy particles can exist 
in states of all integral charge positive and negative with different rest masses 
(Bhabha, 1940, b). Neglect the mass difference between a proton and a neutron, 
and in the notation of the above paper let AM, and AM_,, denote the mass 
excesses of protons of charge 2e and — e respectively over that of an ordi- 
nary proton. Since we are interested in investigating the effect of the above 
assumption on the scattering by the spin, we put g,=0. For the same 
reason we will put M= co as has been done in the classical calculations. 
This is equivalent to treating the heavy particles as fixed in space. The 
correction due to the motion of the heavy particles is of the order (u/M)2 


* Proc, Roy. Soc. (A), in print. 
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for the case of low momenta p < Mc to which we restrict ourselves, and is 
hence negligible. 


In this paper we adopt the notation used by Bhabha (1938) in the 
formulation of meson theory. p denotes the momentum of a meson, and 
E= cv/p? c?+ p*, its energy. Ep, €29 and e;, are three mutually perpendi- 
cular unit vectors, €,, being in the direction p. As usual a, 8 denote the four 
Dirac matrices, and we define 14, 44, 4gy aS in the above paper by 


dip = (a, €1) } 
Sage (a, Eos) ! (1) 
a3, = (a, E34) = (a, p)/p } 

Since the mass of the heavy particles is treated as infinite, we may proceed 


as in the usual non-relativistic approximation and replace products of two 
a’s, by the Pauli matrices o,, o;, o,,, thus 


Oo, 0; = Io,,. (2) 
In this approximation B= —1 and terms containing an odd number of 
a’s are negligible. Using (1) and (2) 
(a3, ay) = i(a, Eos) ae Ido» 
cme ae aad (3) 
3p Ay) i(a, Erp) 10714 


The interaction of mesons with the heavy particles is given by ¥, in the 
paper mentioned above (formula 58 a). typ and zpy are there the operators 
which convert a proton into a neutron and vice versa. On the basis of the 
new idea, we have to replace these as in the previous paper (Bhabha, 1940, 5) 
by r.. and 7, which respectively decrease and increase the charge of the 
heavy particles by one unit. Putting g,= 0, and remembering (3), the inter- 
action of mesons with the heavy particles in the non-relativistic approxima- 
tion of this paper is then 


. r -5 (p, X) 
§,=-— JoEV 4 Fe [} een (41p — Dy 4) — O14 (dog — bp} t= 
zi i ‘ (p, X) 4 
a 1o2e (dip — Big) — 1p (29 — bs} fa e i 


As usual g)= g.pc/h. Here V is the volume of some very large box in 
which the wave functions are assumed to be periodic and at the end of the 
calculation V is made to tend to infinity. a, and a, are the operators 
which give the creation and annihilation of positive mesons of momentum 
p polarised in the direction €,,, and b,, and b,, are the corresponding operators 
for negative mesons. X represents the co-ordinates of the heavy particles. 
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Now consider the scattering of a negative meson of momentum p by 
a proton. The momentum of the scattered meson will be denoted by p’. 
Denote the angle between p and p’ by @. It can be shown as usual that 
the differential cross-section dQ for the scattering of the meson into the 
solid angle dQ is given by 
eye) rl Sol m (ml Jolf) 
dQ =4E2 V2|z ee Dae (5) 


m Zz m 





where 7, m and f denote the initial, intermediate, and final states of the whole 
system, E; and E,, being the total energies of the initial and intermediate 
states of the whole system. There are four intermediate states m by which 
the process takes place. 

[ N + [N] + [P,] } 


| U-+P+U--+P’+IP,1 
USP AN] a tpy ed ee | > U'- +P’ +[N] + [Pa]. (6) 
U- +P, +U’- +[N] +[P.] | 


[ P+ [N] +P’ 


The square brackets denote a virtual neutron and a proton of charge 2e 
in their negative energy states. For the four intermediate states, (E;— E,,) 
is respectively E, (— 2M—E), (— E— AMc?), and (—2M— AMc?-+ BE), 
where for brevity we write AM in place of AM,. Since M is taken as 
infinite, the second and fourth intermediate states give no scattering and 
the scattering comes only from the first and third intermediate states. On 
the old theory there would be no intermediate state like the third. 


Take the Vectors €94, €29° to lie in the p, p’ plane. Then ¢,,= €14’ are 
perpendicular to this plane. There are four cases to be considered depend- 
ing on the polarisation of the incident and scattered meson. The case in 
which the meson is initially polarised in the direction €y,, the scattered 
meson being polarised in the direction €947 we denote schematically by 
(2p) (2p’). The other three cases are (2p) (1p’), (ip)—>(2p’) and 
(1p)—> (Ip’). We notice at once that the interaction (4) does not involve 
longitudinally polarised mesons, 7.e., those polarised along €3,- These are 


therefore not scattered at all by the spin of the heavy particles in the non- 
relativistic approximation. 


Denote the two possible spin states of the heavy particles by 


a=() 


_— @ (7) 


Lhe Scattering of Charged Mesons 13 


First consider the case (2 p)->(2p’). For the transition via the first 
intermediate state in (6) we get, using (4) 
(| fol m) @n| Jol f) _ a's? : - - 
°E; Seiced “2Bt Vy. pe e ee ry (46 710" Fm) (4m 4p 4): 





The summation over the two spin orientations of the intermediate state 
can be carried out at once, and gives the unit matrix 1, thus 


a (ay oy Os) tite: T1p a;) = (Ap O44" 1 C1 a;) = (4; 014 1p a;), 
Se ae 
whence 


(i fom) (m|Folf) _ 8'2* | D® (arorp orp a) @) 
pag cd 2EV pc? E 


The transition via the third intermediate state similarly gives 


(| Folm)(m\Folf) _ 82? _p?  (azorpory a) 3} 
FE; — E,, 2EV pc? —E— AMc? 


Thus, substituting (8) and (9) into (5), the differential cross-section for the 
transition (2 p)— (2 p’) is 


/ 2’ o' p* 
GO 1Cp) > (22) =~ act 
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(4p orp 1p 4) _ (@rorp orp’ 4) |? 19 (10) 


E E+ AMc? 
The summation over the two final spin states of the heavy particle and the 


averaging over the two initial spin states can be carried out as usual and 
we get 














413 oa (ay 1p’ Fp Aj) Pe (af op O19’ a) 


fe tir #4 ii E E + AMc? 








I 








1p Typ’ Tp Typ , Fig’ %1p%1p Fp’ — 5 F1p’ %1p %1p’ | 
2 Spur | E2 + E+ AMc)? —7 B(E + AMC) 








sa 1 1 re O19’ O1p F1p’ ae (11) 
= E + EF AMcs? ~ SPU EE A Mc?) 
It can easily be shown that if k and | be any two vectors 
Spur (ck) (cl) (ck) (ol) = 4 (k1)?— 2k? 7? (12) 

Applying this formula to the spur in (11) and remembering that ¢,, and «y 
lie in the same direction we get 

' gt de I I Yeh ee ee 
AQ (2p) p')} = 8'x" Ta |g T (E+ AMc2)?” E(E+ AMc?) 


Now AMc? lies between 15 and 20 M.e.V. (cf. Heitler, 1940), while E ae 
be greater than p c?= 85 M.e.V., the rest energy ofa meson. Hence AMc?/E 





|e2a3a) 
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is less than or of the order 1/5. To a rough approximation we may 
expand (13 a) in powers of (A Mc?/E) and get 


AQ {(2p)— (2p')} = 8's" rare ((AMe’y'-2(ABS)'+ thy da (13 b) 


Now consider the transition (2 p)—>(1 p’). The cross-section for this 
is just got by replacing o,y in formule (10) and (11) by oy. Using (12) 
and remembering that €,,, and €,;, are perpendicular, we get 














Se ped eA. 1 ?] 
dQ {(2p)—> (1p =e Me ps ct Fe a8 (E+ A Mc?)? T EET AMes 42 14 a) 


Sefer ie EB Me eae 
24 e's {I (Seo) +a(er i yee 
Next consider the transition (1 p)>(2p’). We have now to replace 


oy, in (10) and (11) by o2,. Since €2, and e;y are perpendicular, we get as 
before 





dQ (p)> Or)}=8't Palm t+ era ee is 
Pp 14 § 2 Tr ct E2 (E+ AMc?)? =“ E(E+ AMG (15) 


Finally for the transition (1 p)— (1 p’) we have to replace Oy, and o4,’, 
in (10) and (11) by o,, and og, respectively. Using (12) and remembering 
that €2,, €29’, both lie in the p p’ plane and that the angle between them is 
in consequence the scattering angle @, so that Spur (0, ogy op coy’) = 
4 cos? 6— 2 we get 


1Q ((p)> (p= 8's Pale t oe 








1 ne 2 cos 26 
AMc?*)? E(E+ AMc?) 


pe a ie Oe A Mc? 
48'a' oe ch pe Sin g {1 —( E ) 








Jaa (16 a) 





») 





(ABYC efomers) Joa 


Adding 115); (14), (15), and (16), and dividing by 2 we find that the differen- 
tial cross-section for the scattering of a meson through an angle 0, averaged 
over the two directions of transverse polarisation of the incident meson is 


4 
dQ = 25 elo [ ] ] sin? 6 
2 pee E2 ap (E + AMc?)? = E(E a AMA dQ (17) 


The total cross-section is then 


'4»4 
Oe Beet 2: L 1 2 u 
uci E + (E + AMc?)?2 +3 E(E + Nc Gal ae) 


a8 AE (BE) + BENE} cay 
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To get the scattering of neutral mesons we remember that when a 
neutral meson is emitted or absorbed, a proton remains a proton and a neu- 
tron a neutron. The calculation is exactly the same, and the cross-sections 
for the scattering of neutral mesons in the four cases considered above are 
given by formule (13) to (16) if we put AMc?=0 in them. Thus the total 
Scattering cross-section for neutral mesons is got by putting AMc?=0 in 
(18) and is 

647 g’,* pt 
Q (neutral) = 3 atl Be (19) 

As stated before, the scattering process on the old theory of charged 
mesons took place via the first intermediate state in (6) only. Hence, on 
the old theory the second term in (10) would be absent. As a result, the 
last two terms in (11) would drop out, and the scattering cross-section for 
each of the four cases considered above would be just 


dQ (old theory) = £2?" aa (20) 
ar ch E2 ‘ 


Classical Scattering 


The general classical theory of the scattering of mesons by spinning 
particles taking radiation reaction into account has been given by Bhabha 
in a recent paper* (1940, c). For low energies the effects of radiation reaction 
are negligible, and it is only in this region that the classical and quantum 
theories can be compared. In this paper, therefore, we will neglect the 
terms expressing the effects of radiation reaction in the formule given in 
the paper mentioned. We will follow the notation of this paper except for 
one minor alteration. 


In the classical theory neither » nor % appear separately, but only in the 


combination x= pc/A. As in A, we consider the scattering of a meson wave 
of frequency cw, with a magnetic force H perpendicular to the direction of 


propagation. 
As before, the heavy particle which does the scattering is taken as 
fixed (M = oo) and its spin is represented by a unit vector M. The angular 


momentum of the spin is denoted by I. The magneto-mesic force acting on 
the spin due to the incident meson wave can be written in the form 


H = Hy COS Cw t (21) 


* Proc. Roy. Soc. (A), in print—referred to here as A. 
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where H, is a constant. The average rate of flow of energy in the incident 
wave is then 
HH; CHy (22) 
Sr wor — x 
The scattering will be calculated for small oscillations of the dipole, and 
corresponding to (21) we write 


M=M,+ M, sin cw t (23) 


where M, is the initial direction of the dipole, M)?= 1, and M, is a direc- 
tion perpendicular to Mo, that is (My M,)=0. Denote the angle* between 
M, and H, by ¢. (23) is the expression to which the oscillation of the dipole 
given in A reduces if radiation reaction be neglected. Then as shown in A, 


[Ma &2 Hy sin ¢ (24) 
é I cwo 


and M, lies in the direction [My x Ho], so that (M, H,)= 0. 


The potentials at a large distance r due to a vibration of the dipole 
given by (23) are 
Ure’ == 0 


ye ayy 
Ue = © (@o 5 x") [r x My] cos {cwy t— r Vw? — x} (25) 





r 


Put the dipole at the origin of co-ordinates and take the z-axis along 
the direction of the incident meson wave. This is the direction of the vector 
p of the last section. Choose the y-axis so that the direction r lies in the 
y-z plane and as in the last section denote the angle which r makes with the 
z-axis by @. The direction r is the direction of the scattered wave p’ of the 
last section. 


(25) shows that the potential U is perpendicular to r, so that the scattered 
wave is always transverse. Further, a longitudinally polarised wave has no 
magneto-mesic force H, so that no scattering of longitudinally polarised waves 
by the dipole takes place. We have then only to calculate the dependence 
of the scattering on the two transverse directions of polarisation of the 
incident and scattered waves. 


First consider the case (2p)> (2p’). Here the potential of the incident 
wave is along the y-axis, so that H, must lie along the negative x-axis. Then 


* This angle was called @ in A, but since 0 h 


as been used to denote the scattering angle in 
this paper, we have changed its symbol to d 
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since M, is perpendicular to Ho, it lies in the y-z plane, and hence [r x Mj] 
in (25) is perpendicular to the y-z plane. Thus the scattered wave has no 
component polarised along the direction ¢,4, and hence 


AQ {(2p) > (2p'}} = 0 (26) 

When Hy, lies along the x-axis, therefore, [r x M,]| lies along the x-axis, and 

hence the scattered wave is polarised in the direction ey. The average rate 

of energy transfer corresponding to the potentials (25) of a wave polarized 
in the direction « perpendicular to r is 

1 


2_ 4,2\3/2 
ph gyn eee he XE Ce, fe XM)" (27) 





Denoting the angle betweenr and M, by 4,, using (24) and dividing by the 
rate of energy transfer (22) of the incident wave, we get the differential 
cross-section for the case (2 p)— (1 p’) 
' : te Pe eer) | eee : 

dQ’ {(2p) > (1p')} = c ( rx = sin? ¢ sin? 6, dQ. (28) 
Denote by 6, the angle between r and My. The relations between the 
various directions are shown in Fig. 1.. We shall have to make repeated use 
of the well-known theorem that if ABC be a spherical triangle, then 








Fic. 1 


A 
Cos AB= Cos AC. Cos BC+ Sin A C. Sin BC-Cos ACB. (29) 


A . 
Now since r H, and M, H, are right angles, the angle M, Hor is equal to ae 
angle M,r, i.e., 9;. Since M,; Mo is also a right angle, M, is the pole o 
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A 
the great circle My Hy, and hence the angle My Hy, M, is a right angle. Thus 
7 


A . . 
the angle My, Hy7r is es 6,. Now applying the equation (29) to the 


triangle M, Hy r it follows at once that 





A 
cos 8, = cos Myr= sin My Hy sin Hy r cos My Hy r= — sin ¢ sin 4,. 
Thus (28) simplifies to 
dQ’ {(2p) -> (1p’); = 8% 0 — XD" cos? 9, dQ 30 a) 
p) > (Ip’)} = $5 Pas A cos? 6 (30 a 


Averaging over all initial directions of the dipole replaces cos? @) by 1/3, 
so that 





dQ {(2p) > (Ip'y} = 48% C0 =X)" a (306) 
0 

Next consider an incident wave polarised along ¢,,, so that Hy now lies 

along the y-axis. M, must now lie in the x-z plane. Denote the angles 

made by M, and M, with the x-axis by %, and y, respectively, and the angle 

between M, and the z-axis by 7). The angles are represented in Fig. 2. Now 





Fic. 2 


since y M, and M, M, are right angles, angle y M, M y= the angle y Myp= ¢ 
" ™ 2 

and hence the angle M, M, x is 5 —. Applying the identity (29) to the 

triangle My, M, x it follows that 

COS #9 = Cos My x= sin My, M,<sin M,x. cos My M, xX=siny,:sind (31) 
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Applying the same identity to the triangle M, z M, it follows that 
COS nyo = cos My Z= sin z M,-sin M, M,-cos z M, M,= — cos y¥,-sin ¢. (32) 


Now consider the transition (1 p)—(2p’). The component of the 
vector potential (25) in the direction ¢,,, is 


(€o4” - [r X M]) = (Mi - [ea X r]) =|r| - Mi 
Mix being the x component of Mj, since e,,,, and r both lie in the y-z plane. 
This is just r |M,| cos %,, and hence, using (22) and (27) and remember- 


ing (24), the differential cross-section for the case (lp) > (2p’) can be 
deduced as before to be 


dQ’ {(1p) > (2p')} = S (0° =o 0k sin? ¢ cos? %, dQ 


C* Wo 








4 2__ 4,2)2 
Boe thio tec (33 a) 


in view of (32). Averaging over the initial orientations of the dipole, i.e., 
over COS? yo, we get 


dQ {(Ip) > (2p')) = 4 8% 9X aa (33 b) 


Rl ee (etre. 


Finally consider the case (1p) (Ip’). The component of [rx M,] 
in the direction €,4 = €y 1S 


(exp - [FX Mil) =(@- [MX exg]) = 7 |M,| sin #, sin 6. 


Hence, by a calculation similar to the one in the previous case we find 





dO! (1p) > (ip); — 8% 29, —XP sin? @ sin? ¢ sin? yy dQ 


I? °c7 43g 
which, by (31) reduces to 
4 2 _4,2)2 
dQ’ {(1p)> Up’)} = Se (hve. sin? 8 cos? poy dQ (34 a) 


[? Cc? Wo 
Averaging over all initial directions of the dipole replaces cos? 4, by 1/3, 
so that finally 


dQ (1p) (ip) = 188 r= XD" sin? 8 ae (34 b) 
Wo 





Ss ells 
Summing over the final directions of polarisation of the scattered wave 


and averaging over the two transverse polarisations of the initial wave, Pee 
adding (26), (30 5), (33 6) and (34 b), and dividing by 2, we find 


do = } 8e (eo — x9" (2 + sin? 8) dO (35) 


i 6 }e- Cc? Wo" 
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The integration of this over all angles gives the total cross-section 





Ow 167 go* (wo* — x?)?- (36 a) 
eo C* wg" 


The exact classical formula given in A was 





{a2 w 24+ (w PM ie x7)3 + ¥%} b 
Q = 41 (w,” — x”)? {a? w»?+ (ope + x*}?— 4a? wo? x° i 
where a= 3 Ic/2g,*, 


which may be written correctly to within 2% in the simpler form 





B's (wo?— x?)? 36 c¢ 

CAT GF a? + (oot — x)" oe 

The formula (36 a) results from (36 c) if we neglect the effects of radiation 
reaction, i.e., the second term in the denominator of (36 c). 


Writing E=ch wo, p=h(wy?— x*)*, g2.= 89’ fluc and specialising the 
problem by putting I= #/2 in order to apply it to the spin of a heavy particle 
(proton or neutron) we find that the expression which occurs in (30), (33) 
and (34) as a common factor is just 








Bo" (Wo*— x?)? ate: pt 
[2 C2 Gigs ms 4 ie c E2 (37) 


With this specialisation (36 c) may be written in the form 


4 


= 4 
Q 7 ) ut E+ pia? (36 d) 





Wis 
4 g',” 





Discussion 


We notice first that the quantum and classical theories agree in giving 
no scattering of longitudinally polarised mesons by the spin of the heavy 


particle in the approximation in which the heavy particle is taken as 
fixed. 


The results of the previous two sections on the scattering of trans- 


versely polarised mesons are collected in the following table for the four 
cases considered. 
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Usual Theory New Theory Quantum ” 
(quantum) (quantum) Theory Classical 
charged mesons charged mesons neutral mesons Theory 


(¢’o'p'wictE?) dQ2 | (49's! p*/ptctE?) dQ 





(42’o4p*/utc'E2) dQ | (4¢’4p'/3ptctE?) d&2 











dQ {(2p) > (2p) | 1 4 (AMc?/E)? + - - 0 0 
dQ {(2p) > (1p’)} 1 1— (AMc?/E)+ - - I 1 
dQ {(1p) > (2p’)} 1 1— (AMc?2/E)+ - - 1 1 
dQ {(1p) > (1p’)} Sin? {1 ee (AES) + 1 Sin? 9 Sin? 6 











The first column gives the scattering of charged mesons on the usual 
quantum theory in which only the ordinary proton and neutron are assum- 
ed to exist. This is just given in each of the four cases by (20). 


The next column gives the scattering on the basis of Bhabha’s idea of 
allowing the heavy particles to exist in states of all integral charge. For 
a better comparison with the classical theory, we give the approximate 


expressions got by expanding in powers of (A Mc?/E); namely (13 5), (145) 
and (16 5). 


For scattering by a proton, a proton of charge 2e is virtually formed 
during the scattering process, so that AM has to be put equal to AMsg, the 
mass excess of a proton of charge 2e over an ordinary proton. For scattering 
by a neutron AM has to be put equal to AM_, the mass excess of a 
negative proton over an ordinary proton. The two mass-excesses need not 
be the same. The scattering of positive and negative mesons is however 
exactly the same in every Case. 


The third column gives the quantum mechanical scattering of neutral 
mesons. This is derived from the second column by putting AM= 0. 


The last column gives the classical scattering as given by (26), (30d), 
(33 b) and (345), and we have specialised the expressions by the substitu- 
tion (37). 

A comparison of the third and fourth columns shows that the quantum 
and classical theories give the same dependence on scattering angle and on 
the directions of polarisation of the incident and scattered meson for the 
scattering of neutral mesons. The expressions at the top of both columns 
are the same, except that the classical expression is smaller by a factor 3. 
This difference is not difficult to understand. It is a consequence of the 
averaging over the initial orientation of the spin of the heavy particle. 
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Consider the expression (30a). An averaging over the initial direction of 
the spin of the heavy particle means that we have to average cos? Go, where 
0, is the angle between the initial direction of the spin of the heavy particle 
and the direction r. This averaging results in a factor 1/3. In this it must 
differ from the averaging over the initial orientation of the spin in the 
quantum theory, since, the spin being %/2, the cosine of the angle it makes 
with any given direction can only be + 1. Thus an averaging over the 
initial directions of the spin of the heavy particles gives a factor 1 in the 
quantum theory, instead of 1/3 as in the classical theory.* The same 
argument applies in the other two cases. This completely explains the only 
difference between the quantum mechanical and classical scattering of neutral 
mesons. The identity of the scattering in its dependence on energy, the 
scattering angle and the polarisation of the incident and scattered mesons 
shows that we may correctly use the classical formula to get the scattering of 
neutral mesons by a particle of spin 7/2 in the region of high energies where 
it differs from the quantum formula due to the effects of radiation reaction. 
The classical formula (36 5) would only go wrong seriously due to the appear- 
ance of quantum effects at energies comparable with or higher than the rest 
energy of the heavy particles, but for such high energies the scattering is 
already a small fraction of its value at the maximum due to the effects of 
radiation reaction. 


A comparison of the second and third columns shows that the scatter- 
ing of charged mesons on the assumption that the heavy particles can exist 
in states of all integral charge only differs from the scattering of neutral 
mesons by quantities of the order AMc?/E. To a first approximation it is 
smaller by a factor (1L— AMc?/E). Thus, on the basis of this assumption 
we see that the quantum mechanical scattering of charged mesons by the spin 
of the heavy particles shows complete correspondence with the classical 
scattering in its dependen¢e on scattering angle and polarisation of the inci- 
dent and scattered mesons. The dependence on energy is also very nearly 
the same, differing only by the correcting factor (1— A Mc?/E) which varies 
little with energy. Due to this factor there will be a slight difference in the 
scattering by neutrons and protons since AM has to be put equal to AM_, 
and AM, respectively in the two cases. 


This complete correspondence is a further argument in favour of the 
assumption that the heavy particles can exist in states of all integral charge. 





* Had the heavy particle spin been %, cos 8) could have taken on the values 1, 0 and —1 
and hence the quantum mechanical average over the initial directions of the spin would bas 
given 2/3 in this case instead of 1. For higher spins the quantum mechanical average is still 
smaller, and for larger and larger spin gradually approaches the classical average. 
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It also shows that the classical formula for the scattering of mesons multi- 
plied by a factor 3 will give the scattering of charged mesons correctly to 
within 20% up to energies comparable with the rest energy of the heavy 
particles, as has already been suggested by one of us in a recent note.* 
Perhaps a more accurate formula could be obtained by multiplying the 


classical formula (36 d) by the factor 3 (1— AMc?/E) for the reasons men- 
tioned above, thus 


Q (charged) = 127 oe (1- an): ae 
: =) p2 B2+ pa-? E (36 e) 
A comparison of the first and last columns shows that there is no 
correspondence between the scattering on the usual quantum theory and 
the classical theory either in its dependence on scattering angle or in its 
dependence on the polarisation of the incident and scattered meson. 


The scattering of charged mesons due to the spin of the heavy particles 
as calculated by Heitler and Ma (1940 formula 23 c) with Heitler’s further 
assumption of allowing the heavy particles to exist in states of higher spin 
shows no correspondence with any classical theory. As the authors them- 
selves have pointed out, the scattering vanishes if the mass excesses of the 
states of higher spin and charge are put equal to zero. In contrast to this, 
the results of the present paper show that the correspondence with the 
classical scattering by the spin becomes even greater when the mass excesses 
of the higher charge states are put equal to zero. 


Summary 


It is shown that the scattering of neutral mesons by the spin of the heavy 
particles (g. interaction) on the quantum theory agrees completely in its 
dependence on energy, scattering angle, and polarisation of the incident 
and scattered meson with the scattering on the classical theory (neglecting 
radiation reaction), except for being larger by a constant factor 3, which 
is due to differences in the averaging over the initial directions of spin of 
the heavy particle. 


On the basis of the assumption put forward by Bhabha that the heavy 
particles can exist in states of all integral charge, it is shown that the scatter- 
ing of charged mesons by the spin of the heavy particles only differs from the 
scattering of neutral mesons by factors (= A M,c7/E) and (1— AM_c*/E) 
for scattering by protons and neutrons respectively, AM, and AM_, being 





* Bhabha: Physical Review, letter to the Editor. 
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the mass excesses of protons of charge 2e and — e over an ordinary proton, 
and E being the meson energy. Thus on this assumption the scattering of 
charged mesons shows complete correspondence with the classical theory, and 
hence the previously given classical formula (36 d) taking radiation reaction 
into account multiplied by a factor 3 will give the scattering of charged 
mesons up to energies of roughly 10° e.v., correctly to within about 20%. 


A new formula (36 e) is given tentatively which should be more 
accurate. 


The scattering of charged mesons on the usual quantum theory shows 
no correspondence with the classical scattering. The scattering on the basis 
of Heitler’s idea of allowing the heavy particles to exist in higher spin states 
also shows no correspondence with the classical scattering. 
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